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. Lymphocytes, which are components of our immune system, are activated by parasites that are molecular mimics; these lymphocytes will also react with the corresponding normal host cell, leading to autoimmune disease ( Figure 1a ). This poses a dilemma for the host: the host might destroy the lymphocytes that could cause autoimmunity, but these same lymphocytes are needed to protect us against molecular mimics. No such dilemma exists for strains of parasites that are not molecular mimics because the lymphocytes that react to these parasite strains do not react to normal cells.
Parasites that are molecular mimics seemingly have an advantage because hosts may be defenseless against them owing to the risk of autoimmunity. Molecular mimics will become more prevalent than normal parasites if they are spread more easily. Thus, over a long time frame we would expect molecular mimics to be the most common type of parasite.
TWO POSSIBLE EXPLANATIONS: THE COSTLY AUTOIMMUNITY AND
THE MIMICRY TRADE-OFF HYPOTHESES The goal of our research 2 was to understand whether the logic described above is reasonable, and we did so using a mathematical model 3 . We considered two hypotheses that could explain why molecular mimicry is not more common. Our "costly autoimmunity hypothesis" notes that in some hosts the lymphocytes that react to molecular mimics are not destroyed. This induces autoimmunity in the host and may reduce the spread of the parasite. Alternatively, our "mimicry trade-off hypothesis" supposes that if a parasite mutates to become a molecular mimic that this change may compromise another aspect of parasite function, reducing the parasites ability to replicate and spread to new hosts.
THE MATHEMATICAL MODEL
To derive our mathematical model we first decided which quantities were most important for our problem and how these quantities related to one and other. Our mathematical model had three interlinked components ( Figure 1 ): a model describing the interactions between the parasite and the immune system (within-host model); a model describing the spread of infections between hosts (epidemiological model); and a model describing the outcome of competition between two different strains of parasite (evolutionary model).
The quantities in the epidemiological model that change over time are called the model variables (Table 1) . The relationship between our model variables and the processes that lead to changes in their values are diabioscience grammed in Figure 1b . Whether the parasite is a mimic or not affects the infection process by influencing the probability of different types of disease (e.g., autoimmunity or an uncontrolled infection). This then affects the basic reproduction number, R 0 , which is how many secondary infections are caused by an infected host in a population where all the other hosts are susceptible 4 . The number of secondary infections is the number of hosts that are infected directly by the focal host (i.e., without another host acting as an intermediary).
We showed that the parasite strain that maximizes R 0 is the evolutionarily stable strain (ESS). This means that when the parasite strain that maximizes R 0 is already established in the host population, no other rare parasite strain can persist. Therefore, we can predict whether mimicry will evolve or not by understanding if parasites that are mimics maximize R 0 . We do this by solving an optimization problem.
SOLVING THE MATHEMATICAL MODEL
The optimization problem that must be solved is to find the parasite strain that maximizes R 0 , but this is not easy because the number of possible parasite strains is infinite. We used calculus and a mathematical theorem to identify characteristics that the parasite strain that maximizes R 0 must have. The number of parasite strains that satisfy these criteria is a finite number. We then found the ESS using a computer to calculate R 0 for each strain meeting the criteria. The computer code used to do this has been archived at the Dryad Digital Repository, doi:10.5061/dryad.3vf7p where it can be freely downloaded by anyone (the computing software MATLAB is required to execute this code).
DO ONE OR BOTH OF OUR HYPOTHESES EXPLAIN WHY MIMICRY IS NOT MORE COMMON?
Since an uncontrolled infection does not elicit an immune response, we assumed that hosts with uncontrolled infections generate more secondary infections than hosts with regular infections or autoimmunity. Our calculations showed that mimicry is selected against when parasite strains that are mimics generate fewer secondary infections than strains that are not mimics. Therefore, for mimicry to be selected against there must be a disadvantage that offsets the advantage gained due to the mimics' increased chance of inducing an uncontrolled infection.
For the costly autoimmunity hypothesis, parasites that are mimics are more likely to induce either an uncontrolled infection or autoimmunity. We found that mimicry does not evolve when: i) a host with an uncontrolled infection generates only slightly more secondary infections than a host with a regular infection; and ii) when a host with autoimmunity generates only a small number of secondary infections. Under such circumstances, the relative cost of autoimmunity is high (Figure 2a ). Mimicry is also selected against when, given an infection, the probability that autoimmunity is induced (rather than an uncontrolled infection) is high (Figure 2b ). This means that the lymphocytes with the specificity to react with both normal host cells and the parasite are prevalent in the host population.
For the mimicry trade-off hypothesis, when the number of secondary infections generated by hosts that have an uncontrolled infection is only slightly more than the number of secondary infections generated by hosts that have regular infections mimicry may be selected against (Figure 2c ). More specifically, mimicry is selected against when the advantage of expressing proteins that contribute to parasite function greatly exceeds the advantage from generating an uncontrolled infection.
FOR EACH HYPOTHESIS, HOW DOES THE PROBABILITY OF DIFFERENT TYPES OF INFECTIONS CHANGE FOR DIFFER-ENT MEDICAL INTERVENTIONS?
To understand the implications of our results, we considered two different medical interventions: i) drugs and quarantine measures that reduce the spread of regular infections; and ii) immune therapies that destroy lymphocytes that react with normal cells. If nothing were to change, these interventions would be beneficial; however, we need to remember that the parasites will evolve and that this may affect the types of diseases that the hosts experience. We found that the intervention that reduces the spread of regular infections should only be considered if the mimicry trade-off hypothesis is the one that affects parasite evolution. This is because under the costly autoimmunity hypothesis reducing the number of regular infections decreases the relative cost of autoimmunity and selects for mimicry, which leads to an increase in both the probability of autoimmunity and an uncontrolled infection ( Figure  2a) . We also found that while the intention of the intervention that destroys lymphocytes that react with normal cells is to reduce the risk of autoimmunity, under the costly autoimmunity hypothesis this risk may actually increase, because the parasite evolves mimicry and is more likely to induce autoimmunity (Figure 2b ).
WRAPPING-UP
Mimicry enables parasites to evade the immune system, but since not all parasites are mimics, what are the costs associated with evolving mimicry? We identified two reasons why mimicry might not evolve. Firstly, mimics may induce autoimmunity and hosts with autoimmunity may generate fewer secondary infections. Secondly, being a mimic constrains parasite proteins, leading to less effective parasite functioning. We found that medical interventions that are beneficial in the short term, but that promote the evolution of mimicry, may ultimately lead to an increase in the worst types of disease. Our research used mathematical modelling to investigate the impact of parasite evolution so that undesirable outcomes can be predicted and avoided. 
. Epidemiological model:
The number of hosts in different states changes due to the processes described by the different coloured arrows. Not shown are natural deaths, which remove individuals at equal rates from all states. c. Evolutionary model: Different parasite strains infect hosts and generate more infections. Eventually, one of the strains will outcompete the other and nearly all hosts will be infected with the strain that generates the most secondary infections. See Table 1 for the definitions of variables and parameters. 
PARAMETERS DESCRIPTION
q The probability of an effective immune response against the parasite p The probability that lymphocytes activated by the parasite react with normal host cells Figure 2 The effect of two different medical interventions. Left panels (a and c) show the effect of an intervention that decreases the number of regular infections. For the costly autoimmunity hypothesis (a) both the probability of an uncontrolled infection and of autoimmunity increase. Right panels (b and d) show the effect of an intervention that increases the rarity of lymphocytes that react with normal host cells. For the costly autoimmunity hypothesis (b), at the same time as there is a sharp rise in mimicry both the probability of an uncontrolled infection and of an autoimmune disease increases.
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Q&A WITH DR. AMY HURFORD
What is the most fulfilling aspect of working in your research field?
Mathematical formulations make biological concepts extremely clear, which I find very rewarding. For example, I first learned the definitions 'immunogenicity' and 'antigenicity' in an immunology course. I memorized the word definitions, but the concepts never truly made sense to me until I realized how I could write them down as mathematical equations. The mathematical definitions made clear the relationships between the terms and to other aspects of the host-parasite interaction. I find this fulfilling because connections that had always existed are now properly revealed. Mathematical definitions are sometimes criticized because of the assumptions that they make, but this also speaks to their strengths because it is clear what is meant, such that the limitations can be easily identified.
What are some of your research goals? I want to carve my own research niche doing novel and cohesive modelling to understand the ecology and evolution of infectious diseases. I have experience in diverse areas of biological research and I want to combine these into a novel specialization. Another goal is to effectively communicate my research by always thinking carefully and by improving my writing.
In what direction do you see your field moving?
Rather than existing as a sub-discipline, I see theoretical biology eventually becoming a normal part of mainstream biology. The research of nearly all biologists today is influenced by theoretical biology at a minimum through collaboration or through the literature that is cited to provide the context for an experiment or a field study. When the same amount of influence that theoretical biology has on research is reflected in high school and undergraduate biology textbooks and curricula then theoretical biology will have become integrated with mainstream biology.
What advice would you give to high school and undergraduate students interested in theoretical biology?
Even if you know you want a career in biology or the life sciences continue to nourish your interests in mathematics, statistics, physics, computer science, geography, writing or oral communication because courses and studies in these areas will help you in a biology career.
Learn the fundamentals of biology, but also develop an additional skill that will enable you to make a research contribution that no one else can. Your additional skill might be expertise in the analysis of a particular type of mathematical equation, experience in computer programming, or a strong familiarity with the peer-reviewed scientific literature in a particular area (e.g., theoretical epidemiology) -choose something that complements your interests and that you find exciting! If you are interested in theoretical biology specifically, then expertise in mathematics, statistics and computer programming will be especially useful.
